Introduction
============

Acquisition of motor learning and volitional initiation of behavior critically depend on faithful transfer of information among the components of the basal ganglia. The neostriatum is the largest structure and the major input nucleus of the basal ganglia. Furthermore, the striatum plays a pivotal role in the shaping of the ongoing activity of the tonically active basal ganglia nuclei, the substantia nigra pars reticulata and globus pallidus external segment, via different dopamine receptor expressing spiny projection neurons (SPNs) that give rise to the direct and indirect striatofugal pathways, respectively (Albin et al., [@B1]; Gerfen et al., [@B19]; Kawaguchi et al., [@B41]; Kita, [@B42]; Kita et al., [@B43]).

Spiny projection neurons account for about 95% of the striatal neuronal population (Oorschot, [@B58]). The remaining neurons are all local interneurons. The latter display a remarkable degree of neurochemical and electrophysiological diversity (Kawaguchi et al., [@B40]; Rymar et al., [@B65]; Oorschot, [@B58]). Striatal interneurons can be grouped into two main groups, cholinergic interneurons and GABAergic interneurons. The GABAergic interneurons are comprised of parvalbumin (PV)-expressing fast-spiking, neuropeptide Y (NPY)--somatostatin (SOM)--nitric oxide synthase (NOS) co-expressing, calretinin (CR)-expressing (Kawaguchi, [@B39]; Kawaguchi et al., [@B40]; Wu and Parent, [@B79]; Tepper, [@B74]), and tyrosine hydroxylase (TH)-expressing (Dubach et al., [@B14]; Tashiro et al., [@B72]; Meredith et al., [@B52]; Mazloom and Smith, [@B51]; Tande et al., [@B71]; Huot et al., [@B30]) cells.

We recently used brain slices from transgenic mice engineered to express enhanced green fluorescent protein under the control of TH-promoter (TH-eGFP) to characterize the anatomy and physiology of striatal TH neurons, and established that they are a novel class of GABAergic interneurons. We showed not only that striatal TH-eGFP neurons were markedly distinct from SPNs as well as other from other striatal interneurons but also that these neurons exhibited a striking heterogeneity in terms of their electrophysiological characteristics and could be subdivided into four distinct subtypes termed Types I--IV (Ibáñez-Sandoval et al., [@B32]).

Why is there such a level of electrophysiological diversity in this small group of neurons and how may it affect striatal functioning? In order to address these questions, previous findings regarding TH-eGFP interneurons should be considered within the context of the anatomical and functional heterogeneity in the striatum. The neostriatum can be subdivided into dorsal and ventral divisions, comprising the caudate nucleus and putamen, and the nucleus accumbens, respectively (Gerfen and Wilson, [@B20]). The nucleus accumbens can be further divided into core and shell regions, each with distinct inputs and outputs (Zaborszky et al., [@B80]; Berendse et al., [@B3]; Ragsdale and Graybiel, [@B61]; Heimer et al., [@B26]; Voorn et al., [@B77]; Ikemoto, [@B33]).

In addition to dorsal and ventral divisions, the striatum can be further subdivided into patch or striosome, and matrix domains, which also reflect another layer of differential afferent and efferent connectivity (Graybiel et al., [@B24], [@B23]; Gerfen et al., [@B19]; Gerfen, [@B17]). These interdigitating compartments are neurochemically distinct. The matrix shows strong immunoreactivity for acetylcholinesterase and calbindin whereas striosomes are characterized by strong(er) expression of substance P, enkephalin, and limbic associated membrane protein (Graybiel et al., [@B24]; Gerfen et al., [@B18]; Bolam et al., [@B7]; Voorn et al., [@B76]; Holt et al., [@B29]). Additional striosome/matrix differences exist in terms of enhanced expression of other signaling molecules in the striosomes such as: μ-opioid receptor (MOR), AMPA receptor subunit 1 (GluR1), voltage-gated potassium channel interacting protein 1 (Mikula et al., [@B53]), dopamine receptor subtypes (Rivera et al., [@B63]), and olfactory-type G-protein alpha subunit expression (Sako et al., [@B68]).

Although the function of this mosaic organization remains elusive, it has a critical organizing effect in striatal cytoarchitecture. The orientation and trajectory of SPN dendritic and axonal arborization obey compartmental boundaries (Kawaguchi et al., [@B41]), whereas processes of cholinergic and GABAergic do not (Chesselet and Graybiel, [@B10]; Cowan et al., [@B13]; Kawaguchi, [@B38]). Furthermore, the somata of cholinergic and NPY interneurons have been noted to be preferentially situated at the compartmental boundaries (Kubota and Kawaguchi, [@B44]; Martone et al., [@B49]; Saka et al., [@B67]; Bernácer et al., [@B4], [@B5]). These data collectively suggest the existence of important differences in signal processing in striosome and matrix domains in which certain classes of striatal interneurons may play a crucial role (Saka et al., [@B67]).

In the current set of studies, we mapped the location of TH-eGFP cells with respect to multiple levels of the anatomical organization of the striatum. First, the locations of different electrophysiologically defined TH-eGFP subtypes within the striatal volume were determined. Second, striatal TH-eGFP neurons were mapped with respect to striosome and matrix compartments defined on the basis of MOR immunofluorescence. Finally, a small subset of TH-eGFP neurons was recorded in different compartments identified by the intensity of TH-eGFP-TH fluorescence in young mice. Our results show that electrophysiologically identified subtypes are equally prevalent in all regions of the striatum. However, when the finer level anatomical organization of the striatum is taken into account, a different pattern emerged in terms of TH-eGFP neuron distribution. In the dorsal striatum, TH-eGFP neurons are diffusely spread out with most of them residing in the matrix compartment as expected from area distribution whereas, in the ventral striatum, there is a disproportionately higher presence of TH-eGFP neurons in MOR-enriched regions.

Materials and Methods
=====================

Subjects
--------

The progeny of hemizygous Tg(Th-EGFP)DJ76Gsat/Mmnc (GENSAT) mice (Gong et al., [@B21]) obtained from the Mutant Mouse Regional Resource Centers at University of California at Los Angeles and backcrossed to FVB mice were used in the experiments. Mice were bred and kept in the temperature and humidity controlled AAALAC-accredited animal facility and maintained on a 12/12 dark light cycle with light onset at 7 a.m. After weaning on postnatal day 21, animals were genotyped from tail snips to confirm that they were TH-eGFP positive. All experimental protocols were in accordance with Rutgers University Institutional Animal Care and Use Committee and the NIH Guide to the Care and Use of Laboratory Animals. Utmost effort was exercised to minimize the number of mice used and the discomfort and/or pain the mice underwent.

*In vitro* electrophysiology
----------------------------

Following intraperitoneal (i.p.) injection of ketamine (100 mg/kg; Ketaject, Henry Schein, Melville, NY, USA), TH-eGFP mice were transcardially perfused with ice-cold modified Ringer\'s solution that contained (in millimolar) 124 Choline Cl, 2.5 KCl, 26 NaHCO~3~, 3.3 MgCl~2~, 1.2 NaH~2~PO~4~, 10 glucose or 248 sucrose, 2.5 KCl, 7 MgCl~2~, 23 NaHCO~3~, 1.2 NaH~2~PO~4~, 7 glucose, 1 ascorbate, and 3 pyruvate. Subsequently, 250--350 μm coronal or 10° parahorizontal striatal sections were obtained using a vibrating microtome (Vibratome™ 3000, St Louis, MO, USA). Slices were transferred initially into a slice chamber that contained Ringer\'s Solution (in millimolar: 124 NaCl, 2.5 KCl, 26 NaHCO~3~, 1.3 MgCl~2~, 1.2 NaH~2~PO~4~, 10 glucose, 2 CaCl~2~, 1 ascorbic acid, 3 pyruvate, 0.4 myoinositol) maintained at 33°C and later kept at room temperature until the time of recording. During the recordings slices were continuously perfused with normal Ringer\'s solution at a flow rate of 2 ml/min, which was maintained at 33°C via TC-324B inline heater system (Warner Instruments, Hamden, CT, USA). TH-eGFP neurons were identified by infrared DIC and epifluorescence visualization with a 40× objective using a BX50-WI Olympus microscope. Whole-cell patch clamp recordings in current clamp mode were obtained using glass pipettes (3--7 MΩ) filled with (in millimolar): 130 KMeSO~3~, 10 NaCl, 10 HEPES, 1 EGTA, 0.1 CaCl~2~, 2 MgCl~2~, 3 ATP, 0.3 GTP, pH adjusted to 7.3. Biocytin (0.2%) was added to the intracellular solution in order to label the recorded neuron for later identification and anatomical investigation of recorded striatal TH-eGFP neurons.

Recordings were acquired with a Neurodata IR-283 current clamp amplifier and digitized at 10--40 kHz via a Micro 1401 Mk II data acquisition unit and transferred to a PC using Signal™ v.4 software (CED, Cambridge, UK) for offline analysis. To examine the basic membrane properties of the TH-eGFP neurons, a sequence of hyperpolarizing and depolarizing current steps from −200 to +200 pA were injected for 500 ms. Current--voltage (I--V) curves were constructed by averaging 10 ms epochs within the last 100 ms of the 500-ms current injection that was devoid of action potentials (APs) or spontaneous synaptic potentials. Membrane input resistance was estimated from calculating the slope of the I--V relation at 0 pA current injection (resting membrane potential). AP measurements were taken from the first AP evoked by injection of threshold depolarizing current. AP half-width was determined by measuring the time between points of half-maximal AP amplitude. The spike after hyperpolarization amplitude was computed by subtracting the trough value of the 200-ms time window following the AP from the AP threshold value. Finally, the membrane time constant (τ) was defined as the time it takes the membrane to fall to 63% of the steady state value by fitting an exponential to the initial phase of the membrane response to a −20 pA current injection.

Biocytin cytochemistry
----------------------

Following electrophysiological characterization, sections containing biocytin-filled neurons were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) overnight at 4°C and transferred next day into 0.1 M PB. Sections were then washed for 3 × 10 min in 0.1 M PB followed by 10% methanol and 3% H~2~O~2~ for 15 min, and incubated with avidin--biotin-peroxidase complex (Vector Laboratories; 1:200) and 0.1% Triton X-100 overnight at 4°C. After washing 6 × 10 min in 0.1 M PB the sections were reacted with 3,-3′ diaminobenzidine (0.025%) and H~2~O~2~ (0.0008%) in PB with nickel intensification (2.5 mM nickel ammonium sulfate and 7 mM ammonium chloride) to visualize the biocytin-stained neuron for later reconstruction using Neurolucida™ (MBF Bioscience, VT, USA). Slices were later postfixed in osmium tetroxide (0.1% in PB) for 30 min, dehydrated through a graded series of ethanol, followed by wash with xylene. Air-dried sections were then mounted in Depex (Electron Microscopy Sciences, PA, USA) and coverslipped.

In a subset of sections, instead of DAB, biocytin was visualized by a Texas Red streptavidin conjugate (1:200, overnight at 4°C). This allowed visualization of the intrinsic fluorescent TH-eGFP signal (from somata and proximal neurites) along with detection of the biocytin fill by Texas Red.

Mu-opioid receptor immunocytochemistry
--------------------------------------

Adult TH-eGFP mice were sacrificed following deep anesthesia with i.p. Ketamine (200 mg/kg). Mice were then transcardially perfused with chilled Ringer\'s solution followed by fixation with freshly prepared 4% paraformaldehyde added to 15% saturated picric acid in 0.1 M PB. After decapitation, brains were stored in the same fixative for overnight fixation. On the next day, following several washes with PBS, 60 μm free-floating sections were obtained using a Vibratome™ 1200. Sections were pretreated with 1% sodium borohydride followed by 10% methanol and 3% H~2~O~2~ in PBS prior to incubation in 10% normal donkey serum, 2% bovine serum albumin, and 0.5% Triton X-100 for 1 h. Next, sections were incubated in a solution containing 1:1000 rabbit anti-MOR monoclonal antibody (Immunostar Inc., Hudson, WI, USA \#24216) along with 10% normal donkey serum, 2% bovine serum albumin, and 0.5% Triton X-100 (Sigma-Aldrich Co., St. Louis, MO, USA) in PBS for 24 h at room temperature. After washing three times for 10 min each in PBS, sections were transferred to a solution containing 1:500 Texas Red donkey anti-rabbit secondary (Molecular Probes, Inc., Eugene, OR, USA), 10% normal donkey serum, and 2% bovine serum albumin in PBS at 4°C overnight. After three 10 min washes in PBS, sections were wet mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA), coverslipped and sealed with nail polish.

Stereology and anatomical mapping
---------------------------------

For sections containing biocytin-filled neurons, the slices were outlined using Neurolucida™. Briefly, section outlines, borders of the corpus callosum, anterior commissure and striatum were traced at 10× and a marker was placed at the location of recorded TH-eGFP somata. In order to account for variability in section condition (i.e., differential shrinkage), two sets of reference sections were cut at 100 μm in the coronal or 10° parahorizontal plane and Nissl-stained. Sections containing the biocytin-filled TH-eGFP somata were matched to the Nissl-stained reference sections at the closest *z*-depth and any deviations in dorso-ventral or medio-lateral aspects of the tissue were compensated for using the built-in shrinkage correction of the software. Registration to Nissl-stained reference sections thus enabled assigning individual *z*-depth values to recorded sections. A 45° line spanning from the most ventral end of the lateral ventricle to the most ventral end of the external capsule was drawn to parse the striatum into dorsal and ventral divisions.

In MOR-immunolabeled sections from TH-eGFP mice, every fifth section containing the striatum was traced at 4× following random determination of the initial section by the default workflow of the Optical Fractionator probe in StereoInvestigator™ v. 9 (MBF Biosciences, Williston, VT, USA). The outlines of the entire section, the corpus callosum, the anterior commissure and the striatum were traced and visualized by different color contours. Additionally, the striatum was parsed into dorsal and ventral divisions based on the cell packing density and direction of fiber fascicles piercing the striatum, and with reference to the mouse brain atlas of Franklin and Paxinos ([@B15]). The border between dorsal and ventral striatum was further adjusted on the basis of strong MOR staining around the nucleus accumbens core segment.

Under epifluorescence illumination at 530 nm, patch/striosome and matrix compartments were outlined based on differential MOR immunoreactivity as it has been established that striosomes express stronger MOR-enkephalin immunoreactivity than the surrounding matrix in the dorsal striatum (Herkenham and Pert, [@B28]; Gerfen, [@B16]; Voorn et al., [@B76]). However, in the ventral striatum the afferent organization of MOR-rich domains resemble the dorsal striatal matrix (Jongen-Relo et al., [@B36], [@B37]).

The methodology for stereological cell-counting procedure under epifluorescent illumination was adapted from previous reports using a similar approach (Henny and Jones, [@B27]; Prasad and Richfield, [@B60]).After virtual overlay of a 544-μm × 380-μm grid on the contoured serial sections, cell counting was performed at 40× under epifluorescence illumination at 380 nm to detect striatal TH-eGFP expressing somata. At each counting site, section thickness was measured, which yielded an average tissue thickness of 50.7 ± 1.14 μm indicating that there was ∼16% shrinkage from the original cut thickness. Optical disector frame dimensions were set to 180 μm × 180 μm with 30 μm *z*-depth and 5% guard zones on top and at the bottom. Only those TH-eGFP somata falling entirely within the borders, i.e., falling in between and coming in contact with inclusion borders but not touching the exclusion borders were counted. The loci of the counted TH-eGFP somata with respect to MOR intensely immunoreactive regions were also noted during counting to determine the compartmental distribution of the cells. Since section thickness was measured at every site, the numbers reported here are the stereological estimates weighed by section thickness. Raw data from biocytin-filled cells and stereologically sampled TH-eGFP neurons were aligned and overlaid using Neurolucida™ Explorer and the Solid Modeling extension module (MBF Biosciences, Williston, VT, USA).

Data analysis
-------------

Data were analyzed using CED Signal™, Origin 7.0, Microsoft Excel™ and PAWS v. 18 software. Subtypes of TH-eGFP neurons were determined based on the electrophysiological criteria described in Ibáñez-Sandoval et al. ([@B32]). For statistical comparisons, multivariate ANOVA and Bonferroni *post hoc* tests performed in electrophysiological recordings. Independent samples *t*-test, Pearson\'s chi-square test and Pearson\'s correlation were performed on anatomical data sets. *P* values \<0.05 were accepted as statistically significant.

Results
=======

Localization of different TH-eGFP cell types
--------------------------------------------

Sixty-three electrophysiologically identified and biocytin-stained TH-eGFP neurons (*n* = 31 in coronal and *n* = 32 in parahorizontal orientations) were mapped as shown in Figure [1](#F1){ref-type="fig"}. As each of the recorded slices were assigned a unique *z*-depth value on the basis of the reference sections, the data from coronal and parahorizontal slices could be merged with each other by Neurolucida Explorer. In order to obtain a combined image and data set, parahorizontally mapped TH-eGFP cells were virtually rotated 90°along the anterior--posterior and 10° along the dorsal--ventral axes and merged with the cluster of TH-eGFP cells obtained in the coronal orientation (Figure [1](#F1){ref-type="fig"}C).

![**Mapping of electrophysiologically characterized and biocytin-filled TH-EGFP neurons in the striatum**. **(A)** Overlay of all parahorizontal sections (*n* = 32). **(B)** Overlay of all coronal sections (*n* = 31). **(C)** Merged data set after rotating the parahorizontal sections 10° from their long axis and 90° around their short axis.](fnsys-05-00041-g001){#F1}

Quantitative assessment of the distribution of electrophysiologically identified TH-eGFP neuron subtypes was analyzed in three dimensions (Figure [1](#F1){ref-type="fig"}C). In the cumulative distribution for the coronal orientation, a 45° horizontal line was drawn dorsal to the anterior commissure extending from the ventral most point of the lateral ventricle to the ventral-most point of the external capsule (Voorn et al., [@B77]) in order to mark the division between dorsal and ventral striatum. On the basis of this division, it was estimated that 81% (51/63) of the recorded and filled neurons were in the dorsal striatum with the remaining 19% (12/63) within the territory of the ventral striatum. Pearson\'s Chi-square analysis was performed in order to see whether any of the electrophysiologically distinct subtypes were disproportionately present in dorsal or ventral striatum. The results indicated that distribution of TH-eGFP interneuron subtypes did not differ in dorsal and ventral striatum \[Pearson\'s χ^2^(3) = 6.088, *p* \> 0.05\]. In both dorsal and ventral striatum, Type I TH-eGFP neurons constituted the majority of recorded neurons (Figure [1](#F1){ref-type="fig"}C), consistent with our previous observations (Ibáñez-Sandoval et al., [@B32]). Sixty percent of the Type IV neurons in our sample were located in ventral striatum but this observation did not reach statistical significance, most likely because only a few of the mapped neurons belonged to this category (*n* = 5).

Stereological cell counting and mapping with relation to mor staining density
-----------------------------------------------------------------------------

Striatal TH interneurons in a different set of sections were identified on the basis of their eGFP fluorescence irrespective of their electrophysiological profile and sampled using optical fractionator methodology and localized with regard to striatal MOR patches (Figures [2](#F2){ref-type="fig"}A--E). In the dorsal striatum, dark areas of weaker TH-eGFP fiber fluorescence were observed to show a strong overlap with intensely MOR-labeled domains (Figures [2](#F2){ref-type="fig"}A--C). The overall stereological estimates yielded an average of 2756 ± 192.4 (mean Gundersen\'s coefficient of error = 0.11) TH-eGFP neurons per striatum per hemisphere (*n* = 10 hemispheres), in good agreement with values previously reported for striatal TH-eGFP interneurons (Ibáñez-Sandoval et al., [@B32]). Of the TH-eGFP neurons, 723.2 ± 44.9 were found to be located in MOR-enriched domains corresponding to different compartments of striatal striosome--matrix organization in dorsal and ventral striatum combined. In addition, proximity to the nearest striosome--matrix boundary was measured among 332 matrix-bound TH-eGFP somata. Slightly more than half of the entire population resided within 100 μm or less from the perimeter of the MOR-enriched regions in both dorsal and ventral striatum (Figure [2](#F2){ref-type="fig"}F).

![**Identification of striosome--matrix compartmentalization with MOR immunohistochemistry in TH-eGFP mice**. **(A--C)** Typical example of a StereoInvestigator-generated montage of a single section from anterior striatum in TH-eGFP mice showing eGFP fluorescence **(A)**, MOR immunofluorescence **(B)**, and the merged overlay **(C)**. Note that the dark areas (lower TH-eGFP fluorescence) in the dorsal striatum, show a strong overlap with the MOR-enriched domains **(A--C)**. **(D)** Higher magnification image of a different striatal section from another animal where TH-eGFP somata were marked on the basis of their compartmental distribution. Red arrowheads point to the TH-eGFP somata in matrix, and white arrowheads point to the TH-eGFP somata in MOR-enriched striosomes **(E)**. Representative series of 60 μm sections at 300 μm intervals from one hemisphere showing MOR patches. **(F)** The distance to the nearest MOR patch was measured among 332 TH-eGFP neurons in the matrix. The histogram shows that half of the matrix TH-eGFP neurons are located within 100 μm of the striosome--matrix borders. Scale bars = 250 μm. AC, anterior commissure; P, MOR patch/striosome.](fnsys-05-00041-g002){#F2}

The numbers obtained from the stereological mapping were used in regression analyses in order to understand the relationship between the TH-eGFP neurons in MOR-enriched domains and the fraction of MOR-enriched domains with respect to the entire striatum. The regression analysis indicated that the fraction of TH-eGFP neurons falling within MOR-enriched islands was dramatically different in dorsal versus ventral striatum (Figures [3](#F3){ref-type="fig"}A,B). Although the TH-eGFP neurons were present in MOR-enriched striosomes of the dorsal striatum at a chance level (*r*^2^ = 0.069; Figure [3](#F3){ref-type="fig"}C), in the ventral striatum significantly more TH-eGFP neurons were located in MOR-enriched domains than what would be expected by chance (*r*^2^ = 0.662; Figure [4](#F4){ref-type="fig"}D). Indeed, the regression between these parameters was found to be statistically significant, as the coefficients predicting the relationship in dorsal and ventral striatum (*B* = −0.332 on dorsal striatum versus *B* = 0.914 in ventral striatum) were found to differ significantly by *t*-test \[*t*(1) = 3.935, *p* = 0.001; Figures [3](#F3){ref-type="fig"}C,D\]. The proportion of striatal area comprised of MOR-enriched domains did not differ between dorsal and ventral striatum \[*t*(18) = −0.066, *p* = 0.948\] but interestingly in female mice (*n* = 4 hemispheres) it was found that the striatal proportion of MOR-enriched domains in ventral striatum was significantly larger than in male mice \[*t*(18) = −2.230, *p* = 0.039\]. The stereological data pertaining to MOR-enriched regions are presented in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

![**Distribution of TH-eGFP neurons with respect to MOR-enriched areas of the striatum**. The raw data (*n* = 4 hemispheres) from stereological cell-counting procedures were aligned and overlaid for 3D visualization after two hemispheres from the same brain were collapsed on each other **(A,B)**. Markers show the distribution of systematically random sampled TH-eGFP neurons in MOR-enriched and MOR-impoverished compartments of the striatum. The plots depict the percent distribution of TH-eGFP neurons in MOR-enriched domains of dorsal and ventral striatum **(C,D)**. The relationship between striatal MOR-enriched domains and distribution of TH-eGFP neurons with respect to these domains is significantly different in dorsal **(C)** and ventral **(D)** divisions of the striatum (*p* = 0.001). Note the differences in the scale of *y*-axes in **(C,D)**.](fnsys-05-00041-g003){#F3}

![**Distribution of electrophysiologically identified TH-eGFP neurons with respect to dopamine islands in juvenile TH-eGFP mice**. **(A)** Biocytin-filled Type I TH-eGFP interneuron in a dopamine island. Inset shows the I--V plot that identified the neuron as a Type I. **(B)** Biocytin-filled Type IV TH-eGFP interneuron with the inset showing the I--V plot that identified the subtype. **(C)** The maximal projection of an image stack obtained at 5 μm intervals of the Type I TH-eGFP neuron in **(A)**. The boxed region corresponds to the contrast-enhanced inset showing the proximal neurite crossing a compartmental boundary. **(D)** The maximal projection of the image stack obtained at 5 μm intervals of the Type IV TH-eGFP neuron in **(B)**. The boxed region corresponds to the contrast-enhanced inset showing the distal neurites crossing a compartmental boundary. Scale bars, 50 μm. Note different scale markers in \[**(A,C)**, **(B,D)**\].](fnsys-05-00041-g004){#F4}

###### 

**Stereological estimates of the number of TH-eGFP neurons from 60 μm serial sections at 300 μm intervals that were used for stereological counting and mapping of TH-eGFP neurons with respect to MOR-labeling**.

                                                                                  **Stereological estimates of striatal TH-eGFP neurons/hemisphere (mean** ± **SEM)**
  ------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
  Total number of striatal TH-eGFP neurons outside MOR-enriched domains           2032.8 ± 226.7
  Total number of striatal TH-eGFP neurons inside MOR-enriched domains            723.2 ± 44.9
  Total striatal TH-eGFP neurons                                                  2756 ± 192.4
  Total number of dorsal striatal TH-eGFP outside MOR-enriched domains            1663.6 ± 115.1
  Total number of dorsal striatal TH-eGFP neurons inside MOR-enriched domains     422.1 ± 55.4
  Total number of ventral striatal TH-eGFP neurons outside MOR-enriched domains   369.2 ± 47.3
  Total number of ventral striatal TH-eGFP neurons inside MOR-enriched domains    301.1 ± 19.5

###### 

**Cavalieri estimations of surface area measurements obtained from 60 μm serial sections at 300 μm intervals that were used for stereological counting and mapping of TH-eGFP neurons with respect to MOR-labeling**.

  Region                               Surface area (μm2)/hemisphere   
  ------------------------------------ ------------------------------- ------------------------
  Total striatal area (A)              39058008                        41054280
  Total area of MOR-enriched           8800958                         9404603domains (B)
  (B)/(A)                              22.5%                           22.9%
  Total dorsal striatal area (C)       28785228                        29457135
  Total area of dorsal MOR-enriched    7084028                         6145060domains (D)
  (D)/(C)                              24.6%                           20.9%
  Total ventral striatal area (E)      10272779                        11597145
  Total area of ventral MOR-enriched   1716929\*\*                     4207880\*\*domains (F)
  (F)/(E)                              16.7%\*\*                       36.3%\*\*

*The independent t-test comparisons only indicated a significant difference for MOR-enriched domain estimations in the ventral striatum between the sexes*. \*\* *indicates, p* \< *0.01*.

TH-eGFP location with respect to th-rich patches/striosomes in young mice
-------------------------------------------------------------------------

Ten TH-eGFP interneurons were recorded from slices taken from young (postnatal day 30--33) TH-eGFP mice where striosome and matrix compartments could be identified under epifluorescent illumination on the basis of a differential TH-fiber density. In young animals, TH-rich "islands" correspond to what will become the dopamine- and TH-poor striosome compartment in adults (Graybiel et al., [@B23]). Two of these neurons were located on the border between TH-rich dopamine islands and TH-poorer matrix, and both displayed the electrophysiological phenotype of Type IV TH-eGFP interneurons (Figure [4](#F4){ref-type="fig"}A). Interestingly, the remaining eight cells that were recorded within dopamine islands were all found to be Type I TH-eGFP interneurons (Figure [4](#F4){ref-type="fig"}B). The maximum projection images of the neurons in Figures [4](#F4){ref-type="fig"}A,B taken at 5 m intervals indicate that in both cases, there are neurites that crossover into the neighboring compartments (Figures [4](#F4){ref-type="fig"}C,D). Due to the very limited size of the sample, no statistics were performed on this subset of the data.

Discussion
==========

TH-eGFP interneurons are differentially distributed in dorsal and ventral striatum
----------------------------------------------------------------------------------

The current experiments were undertaken to investigate the anatomical distribution of striatal TH-eGFP interneurons. In the first set of experiments, anatomical mapping done with electrophysiologically identified and biocytin-filled TH-eGFP neurons indicated that none of the TH-eGFP subtypes showed a dorsal--ventral or anterior--posterior patterning. In the second set, electrophysiologically unidentified TH-eGFP neurons were stereologically sampled and mapped with respect to the density of MOR immunolabeling in the striatum. The results indicate that there is a non-random distribution of TH-eGFP cells in the MOR-enriched domains in ventral striatum but not in dorsal striatum. TH-eGFP neurons were found in ventral striatal MOR-enriched domains 1.6 times more frequently than what would have expected by chance. The current results do not indicate a regional specialization of the different subtypes of TH-eGFP neurons across the dorsal--ventral divisions of the striatum. However, cortical and local stimulation experiments and paired-recordings indicate that TH interneurons are well-integrated elements of striatal circuitry (Ibáñez-Sandoval et al., [@B32]). Therefore, the disparity in anatomical localization with respect to MOR-enriched domains in the dorsal and ventral striatum suggests that striatal TH interneurons may differentially influence local network dynamics in ventral versus dorsal striatum.

Why is the anatomical distribution of TH-eGFP interneurons different in the dorsal and ventral striatum?
--------------------------------------------------------------------------------------------------------

And further, what is the significance of these differences in anatomical localization? The clues to the answers may lie within the rules that govern the developmental organization of the dorsal and ventral striatal divisions. It has been shown that striatal SPNs and PV-expressing interneurons follow different timelines for embryonic maximal birthrate and postmitotic maturation in dorsal striatum versus nucleus accumbens (Sadikot and Sasseville, [@B66]). Furthermore, van Vulpen and van der Kooy ([@B75]) found a curious relationship between birthdates and compartmental localization of cholinergic interneurons: the earliest born cholinergic neurons were more likely to be situated in the striosome compartment whereas later born cholinergic neurons had a higher likelihood to wind up in the matrix. It is possible that ventral striatal TH-eGFP neurons have earlier birthdates than dorsal striatal ones, which may account for different compartmental localization of these neurons across the dorsal--ventral axis of the striatum. Currently, the only available findings from a developmental stance come from the early postnatal maturation of striatal TH interneurons (Busceti et al., [@B9]). Further experiments are needed to examine the embryonic development and anatomical migratory patterns of TH-eGFP neurons.

Apart from the possibility that there is difference in birthdates, one also must take into account the fact that compartmental organization reflects a complex molecular patterning requiring the orchestrated action of multiple molecules including retinoic acid (Liao et al., [@B46]), notch signaling (Mason et al., [@B50]), certain transcription factors (Arlotta et al., [@B2]) cell adhesion (Redies et al., [@B62]) and guidance molecules (Janis et al., [@B34]; Hamasaki et al., [@B25]). Differential sensitivity to these factors in dorsal and ventral striatum may have given rise to the differences in compartmental localization of TH-eGFP interneurons. In particular, it has been shown that the repulsive action of netrins is integral for proper migration of matrix-bound neuronal precursors (Hamasaki et al., [@B25]). Subsequently, it was demonstrated that netrin-1 shows a pronounced ventral to dorsal gradient, and that cholinergic interneurons co-expressing netrin-1 largely fall within the ventral striatum (Schatzmiller et al., [@B70]). The same study also found that SOM-expressing GABAergic interneurons co-localized netrin-1 whereas PV and CR-expressing GABAergic interneurons did not. Since PV and CR interneurons do not show compartmental preferences within the striatum (Cowan et al., [@B13]; Rymar et al., [@B65]) and cholinergic and NPY--SOM neurons respect compartmental boundaries (Kubota and Kawaguchi, [@B44]; Martone et al., [@B49]; Saka et al., [@B67]), the possibility arises that expression of netrins and/or netrin receptors by TH-eGFP interneurons may be a determining factor of the compartmental localization in the dorsal and ventral striatum.

Although the current results show that there is a disproportionately higher number of TH-eGFP interneurons in MOR-enriched domains of the ventral striatum (∼40 versus ∼25% in the dorsal striatum), the majority of the TH interneurons reside in MOR-impoverished areas. A closer examination of matrix TH-eGFP neurons indicated that half of the population dwells within 100 μm or less of the striosome--matrix borders. This is consistent with results reported by Busceti et al. ([@B9]) in which the majority of striatal TH neurons clustered near the pioneering nigral dopamine fibers commonly referred as "dopamine islands," which are destined to form striatal striosomes in the adult (Graybiel et al., [@B24]; Miura et al., [@B55], [@B54]).

These data suggest that even if they do not reside in striosomes, striatal TH neurons may still participate in intercompartmental communication in a manner similar to that of cholinergic and NPY interneurons (Kawaguchi, [@B38]; Kubota and Kawaguchi, [@B44]; Saka et al., [@B67]). In order to better understand such a functional role full reconstructions of axonal and dendritic arborization of biocytin-filled TH-eGFP neurons with respect to striosome and matrix compartments in mature mice are necessary.

Subtype-specific localization of TH interneurons to TH-eGFP patches/striosomes in juvenile striatum
---------------------------------------------------------------------------------------------------

In terms of the overall anatomical distribution of electrophysiological subtypes of TH-eGFP interneurons, no preferential regional localization was observed. However, one must bear in mind that there were only a few examples from some electrophysiological subtypes available for anatomical mapping. With an increased number of cases representing each TH-eGFP interneuronal subtype, a clearer picture of any preferential anatomical distribution might be revealed. Still, the preliminary results in this paper in which electrophysiological characterization of TH-eGFP neurons was carried out along with simultaneous compartmental localization based on TH-fiber intensity in young TH-eGFP mice (*n* = 10 neurons) suggest that there is chance that subtypes are localized in different compartments. It is interesting that 8 of 10 such labeled neurons in TH-rich islands displayed characteristics of Type I neurons, the most abundant electrophysiological subtype (\>50% of entire recorded population, Ibáñez-Sandoval et al., [@B32]), whereas the remaining two somata that were located in the TH-poor zones displayed the phenotype of Type IV neurons, the second most prevalent subtype (∼25%, Ibáñez-Sandoval et al., [@B32]). We would have expected to see just the opposite -- the more abundant phenotype present in the more abundant striatal matrix compartment -- if indeed TH-fiber intense zones correspond to striosomes as suggested (Miura et al., [@B55], [@B54]). The mice from which these recordings and biocytin labeling obtained were aged between PN30--P33, and it is possible that this is a developmental range in which differences in TH-fiber density could be detected but compartments had already started maturation. Thus, TH-fiber rich zones in PN30--33 might correspond to matrix whereas TH-poor(er) zones might have been the striosomes. Indeed, it has been documented in adult cat, monkey and human brains that striosomes show reduced TH immunoreactivity (Graybiel et al., [@B23]). Indeed, in the MOR-immunolabeled striatal sections from adult TH-eGFP mice (\>3 months), we have noticed that the dorsal striatal zones showing an attenuated background TH-eGFP fiber density showed a consistent overlap with the MOR-enriched domains (Figure [2](#F2){ref-type="fig"}A).

Therefore, it can be argued that depending on the degree of postnatal maturation; TH-fiber-enriched domains in TH-eGFP mice may correspond to patches/striosomes or matrix. However, in either case -- juvenile or fully mature-, intensity of the TH-eGFP fiber background can be a distinguishing feature of striatal compartments in these mice. It is interesting to note that at least for Type I and Type IV neurons, striatal TH-eGFP interneurons have processes that cross the boundaries between the TH-enriched regions and the rest of the striatum. To the extent that the TH-enriched regions are in fact the precursors to the adult striosomes, this finding indicates that the axons and dendrites of striatal TH interneurons mediate intercompartment communication.

TH-eGFP interneurons, the striosome--matrix mosaic and striatal function
------------------------------------------------------------------------

Although the exact significance of the mosaic organization of striatum is poorly understood, there is evidence that each compartment may be involved in different aspects of striatal functioning. For instance, the matrix was found to show higher metabolic responses as a result of unrestrained activity, somatosensory stimulation, and brief restraint (Brown et al., [@B8]). In addition, concurrent dopamine receptor stimulation, cocaine/apomorphine induced stereotypy, and behavioral sensitization lead to differential activation of striatal compartments as measured in terms of early immediate gene responses (Saka et al., [@B67]). Furthermore, it has been shown by targeted ablation of NPY--SOM^+^ and cholinergic populations using a saporin toxin conjugate against a tachykinin receptor subtype that these interneurons are essential for compartmentally distinct patterns of activation to emerge in the striatum (Saka et al., [@B67]). Therefore, striatal TH interneurons may be working in parallel with NPY--SOM and cholinergic interneurons in the establishment of regionally different striatal activity patterns. Further anatomical and electrophysiological studies are imperative to determine whether there is a special relationship among these interneurons across striatal compartments.

Conclusion
==========

Above all, the current results should motivate further inquiries regarding the precise neurochemical makeup and function of the striatal TH-expressing neurons. There is still controversy concerning the neurochemical heterogeneity in this population. On the one hand, there is strong evidence that they express GABAergic markers and exert GABA-mediated inhibition onto SPNs (Dubach et al., [@B14]; Cosette et al., [@B12]; Mazloom and Smith, [@B51]; Huot and Parent, [@B31]; Ibáñez-Sandoval et al., [@B32]). In addition, there are indications that these cells may possess the cellular components necessary to synthesize, store, and release dopamine (Tashiro et al., [@B73]; Mura et al., [@B56], [@B57]; Betarbet et al., [@B6]; Lopez-Real et al., [@B47]; Cosette et al., [@B11]; Tande et al., [@B71]; Busceti et al., [@B9]). The question, in the light of the current findings, is whether anatomically distinct localized and/or electrophysiologically different TH-eGFP cells are neurochemically the same or dissimilar. The answer is important because it may implicate a role for the TH-eGFP neurons in the observed spatial and temporal heterogeneity of striatal dopamine dynamics (Rodriguez et al., [@B64]; Wightman et al., [@B78]).

Finally, the current anatomical results will be essential to interpret commonly reported changes in striatal TH-expressing neuron number following experimentally induced or disease-related loss of striatal dopamine (Dubach et al., [@B14]; Tashiro et al., [@B72],[@B73]; Betarbet et al., [@B6]; Meredith et al., [@B52]; Mao et al., [@B48]; Palfi et al., [@B59]; Jollivet et al., [@B35]; Mazloom and Smith, [@B51]; Tande et al., [@B71]). Whether the appearance of "novel" TH neurons as a result of dopamine loss follows a distinct anatomical pattern would be very interesting to uncover, as striatal compartments were shown to display separable degrees of susceptibility to toxins and disease-related degeneration (Lawhorn et al., [@B45]; Sato et al., [@B69]; Granado et al., [@B22]). The present findings indicate that TH-eGFP neurons follow a non-random, distinct pattern of distribution across striosome--matrix compartments throughout the dorsal--ventral axis of the striatum. These results provide further impetus for future studies as to whether and how TH-eGFP neurons may affect striatal information processing based their anatomical location.
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